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Transfer replication of the R64-11 plasmid DNA was examined in
recipient cells of coli K12 during interrupted mating experiments.
A system was employed to specifically label plasmid DNA during conju¬
gation in order to study the incorporation of radioactive label in the
recipient cell. Replication in the recipient cell was monitored by
utilizing a recipient cell inactivated for repair replication of thy¬
mine dimers produced following exposure to ultraviolet radiation.
The results indicate, upon initiation of the conjugal process,
that newly replicated forms of the R64-11 plasmid DNA in the recipient
cell is associated with the chromosomal complex (membrane and chromo¬
some). Recircularization occurs in non-UV treated cells 30 min fol¬
lowing initiation of the conjugal process.
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Bacterial conjugation, the random cohesion of opposite mating
pairs (F^ and F cell types designated donor and recipient, respectively),
is a nechanism whereby deoxyribonucleic acid (DNA) is transferred from
one cell to another without the production of daughter cells. The cell
receiving the genetic material may undergo binary fission in order to
propagate the species. The process of gene transfer can effectively be
studied by determining the conversion of polyauxotrophic bacterial strains
to prototrophic organisms.
Initial studies describing the mechanics of the mating phenomenon
included characterization of the cell types (Sherman and Wing, 1937;
Goven and Lincoln, 1942; Lederberg and Tatum, 1946). Cell to cell inter¬
actions by mating pairs or aggregates formed during conjugation were re¬
ported by Cavilli et al. (1953), Lederberg (1957), and DeHaan and Gross
(1962). Later studies characterizing pili, typical of mating cells, were
described by Ou and Anderson (1970), and Achtman et al. (1971).
Investigations of the method of transfer replication such as
those initiated by Gilbert and Dressier (1968) and continued by Matsubara
(1968), Ohki and Tomizawa (1968), and Fenwick and Curtiss (1973 a,b,c),
demonstrated the need for more research in this area. In order to study
transfer replication, replicating DNA was measured by determining the
amount of incorporation of exogenously supplied radioactively labeled
nucleotides (Lichenstein et al., 1960; Boyce and Setlow, 1962). However,
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use of radioactively labeled thymidine in Escherichia coli (E_. coli)
became a limiting factor because thymidine is cleaved to thymine
which is poorly incorporated into DNA except in thymine requiring cells
(Boyce and Setlow, 1962; Fangman and Novick, 1966). Enhancement of
thymidine or thymine incorporation occurs with the addition of deoxy-
adenosine (Kammen, 1967).
Gilbert and Dressier presented evidence to show, in the donor
cell, that transfer replication of a single strand was continuous.
This study suggested that the DNA must be in circular form to be com¬
pletely copied, thus guaranteeing preservation of all the genetic ma¬
terial upon replication. Curtiss and Fenwick (1975) showed the occur¬
rence of discontinuous conjugal replication and transfer when E. coli
minicells were used as the recipients. Their results indicate that DNA
synthesized in minicells during transfer was shorter than or equal to
unit length of the R64-11 plasmid. These and other differences recorded
by investigators prompted questions concerning the accepted principles
of conjugation as reviewed by Achtman and Skurray (1977).
This investigation was initiated to answer some of the questions
that have been posed regarding replication of transferred plasmid DNA.
We used a donor cell of coli which contained the R64-11 plasmid DNA
and the tdk (Hiraga et al., 1967) mutation. The tdk mutation indicated
a lack of deoxythymidine kinase activity. An ultraviolet radiation sen-
sitive (UV ) recipient cell of the same species, in which vegetative
replication was inhibited upon UV treatment, was used. In the presence
of the tdk and UV mutations, incorporation of exogenously supplied
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thymine or thymidine into the DNA of the donor or recipient cell was
prevented. This system allowed specific labeling of only transferred
plasmid DNA when the two cells were subjected to mating conditions.
The specific aims of this investigation were as follows:
(1) To determine whether, following transfer, plasmid DNA re¬
quired an attachment site for replication; and,
(2) to observe the fate of the transferred strand with regards
to the length of time required to reach unit length and even¬
tual circularization.
Data to be presented indicate the need for attachment. The transferred
molecules, for a period of time, are longer than unit length, but con¬
vert after approximately 30 min to covalently closed circular molecules.
CHAPTER II
REVIEW OF LITERATURE
The first attempts in experimentally determining sexual transfer
in bacteria were unsuccessfully performed by Sherman and Wing (1937)
and Goven and Lincoln (1942). Their experiments were not specific for
isolation of the rare recombinants which resulted; however, Lederberg
and Tatum (1946) designed a system of investigating bacterial conjugation
which isolated these rare recombinants. This marked the beginning for
effective study of bacterial conjugation. Lederberg and Tatum employed
polyauxotrophic bacterial strains constructed by isolating auxotrophic
mutants incapable of producing one of its own amino acids. These mutants
were grown in a minimum medium supplemented with the required amino acid.
Additionally diauxotrophs were isolated which required some preformed
organic compounds. The procedure was continued until they produced mu¬
tants requiring three or four nutritional supplements for growth
(Lederberg and Tatum, 1946).
Confirmation of the validity of Lederberg and Tatum's experiment
arose from data submitted by Davis (1950). In order to show that proto-
trophs were not produced by bacterial transformation, Davis (1950) inocu¬
lated a U-tube with an auxotrophic mutant in each arm. The arms were
separated by a glass filter with pores smaller than the size of the bac¬
terial cells. Media was flushed back and forth through the filter during
the incubation period. The results indicated that direct cell to cell
contact was necessary for the production of prototrophs, thus eliminating
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transformation as the means of genetic transfer. Other investigators
who studied cell to cell interactions were Cavilli et al. (1953),
Lederberg (1957), DeHaan and Gross (1962), DeHaan and Stouthamer
(1963), Brinton (1965), and Ou and Anderson (1970). Their studies
showed definite correlation between cell contact and gene transfer.
Hayes (1953) and Lederberg et al. (1952) reported that the cell types
required for the conjugal process differ in composition, whereby, one
of the mating pair possessed a fertility factor (sex-F-factor). The
discovery of the fertility factor led to the isolation of high frequency
recondiinant (Hfr) mutants. Hfr mutants are defined as cells which have
the fertility factor incorporated in the bacterial chromosome. These
cells were incapable of efficiently transmitting sex factor genes to re¬
cipient bacteria (Wollman et al., 1956). They conducted a detailed
study on genetic transfer using Hfr mutants. They concluded that chro¬
mosomal genes were transferred from the donor to the recipient in a
definite order and at a fixed rate. This information provided the basis
for studying F-factor transfer.
Structure analysis of mating cells, as described by Anderson
(1958) and Ou and Anderson (1970), showed differences between cell size
(male - short and round; female - long and thin), and F-pili connecting
male and female cells. Following these studies, Achtman et al. (1971),
and Ou (1975) redefined the role and characterization of pili. Pili,
as defined by Brinton (1965), are thin hollow appendages protruding from
the surfaces of donor bacterial cells and are necessary for conjugation.
Brinton further states that the pili operate as the conjugation tube
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whereby DNA is transmitted from the donor to the recipient cell. Micro¬
scopy studies by Novotny and Fives-Taylor (1978) showed disappearance,
of pili when bacteria were subjected to high temperatures (46 to 50 C).
Additionally investigators using mutagenic techniques while studying the
effect of temperature on the mating process, found that temperature be¬
low 30 and above 40 C caused adverse affects on the cell components
necessary for conjugation, resulting in the cessation of DNA, RNA, and
protein synthesis (Jacob et al., 1963; Hayes, 1964; Walker and Pittard,
1969; Stallions and Curtiss, 1971; Burnett and Wake, 1977).
Replication of the F-factor in a bacterial host has been studied
by determining the incorporation of exogenously supplied radioactively
labeled nucleotides (Lichenstein et al., 1960; Boyce and Setlow, 1962;
Okazaki and Kornberg, 1964; Fangman and Novick, 1966; Lomax and Greenberg,
1968). The use of radioactive thymidine became limiting because thymi¬
dine is cleaved to thymine, which is poorly incorporated except in thy¬
mine requiring cells (Boyce and Setlow, 1962; Fangman and Novick, 11966;
Kammen, 1967; Lomax and Greenberg, 1968; Bonney and Weinfield, 1971).
Enhancement of incorporation of exogenous thymine into the DNA occurred
with the addition of deoxyadenosine (Kammen, 1967).
Igarashi et al. (1967) isolated a mutant of E. coli which was un¬
able to incorporate exogenous thymidine because it lacked the activity
of deoxythymidine kinase (tdk). This finding was confirmed by Beck et al.
(1972). In order to show specifically conjugal transfer replication in
the recipient, a donor cell containing the tdk mutation, and an ultra¬
violet sensitive thymine requiring recipient (vegetative replication
inhibited by UV treatment) were employed (Stacey and Simon, 1965;
Freifelder, 1968; MacQueen and Donachie, 1977). Setlow and Carrier
(1964) demonstrated that DNA replication was blocked by thymine dimer
formation. Since ultraviolet sensitive strains do not possess functional
repair systems, as pointed out by Walker (1970), which would correct the
damage caused by UV irradiation, one can study effectively conjugal trans¬
fer replication in the recipient.
Conjugal DNA replication and transfer, as described by Gilbert
and Dressier (1968), showed the continuous transfer of single stranded
plasmid DNA, whereby the recipient received an excess of monomeric length
of the single-stranded plasmid DNA molecule found in the donor. This
model (rolling circle) required an initiator protein, a DNA polymerase,
and a DNA ligase. Curtiss and Fenwick (1975) reported results which re¬
quired modification of this model. They stated that R64-11 plasmid DNA
undergoes discontimous conjugal transfer replication, requiring the syn¬
thesis and activity of initiator proteins, and a rifampin-sensitive pro¬
duct, resulting in the transfer of a single strand of plasmid DNA approxi¬
mating the molecular length of the plasmid molecule. Similar data were
found by Falkow et al. (1971). Ohki and Tomizawa (1968) and Matsubara
(1968) isolated monomers of plasmid DNA molecules from sucrose gradients
and proposed that these molecules were the result of continuous transfer
of the circular DNA molecules in the donors. Curtiss and Fenwick (1975),
however, indicated that unit length (UL) and near unit lengths of plasmid
molecules were apparent in the recipients but did not result from con¬
tinuous transfer
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Cohen et al. (1968 a,b) found that restrictions were imposed with¬
in the minicell upon double stranded DNA synthesis. Fenwick and Curtiss
(1973c) found that minicells, as recipients, were unable to convert any
of the DNA to the covalently closed circular (CCC) form. It was shown
that the transferred DNA in the recipient associated with the minicell
membrane (Shull et al., 197!). Conversely, during vegetative replication,
Kline and Miller (1975) and Archibold et al. (1978) have suggested that
plasmid DNA replicates during exponential growth via association with the
folded chromosomal complex (FCC, membrane and chromosome). Thus the fate
of replicating transferred plasmid DNA (i.e., requirements for an attach¬
ment site, length of time required to reach unit length and eventual




Strains used in this investigation are listed in Table I.
Growth Conditions and Culture Media
Strains used were grown in either a minimum salts medium (Davis
and Mingioli, 1950) modified by the exclusion of citrate, or an enriched
medium, Luria's broth (L-broth). Supplements were added to a final con¬
centration as indicated: 20 pg/ml leucine, 80 yg/ml DL-threonine, 20 yg/ml
glucose, and 2 yg/ml vitamin Bj (thiamine hydrochloride) in 125 yg/ml
Casamino acids. The enhancement of radioactivity incorporated into the
DNA was accomplished by the addition of 200 yg/ml adenosine to the cell
culture. Tetracycline (25 yg/ml) and streptomycin (25-50 pg/ml) were used
as selective agents when needed. Penassay antibiotic agar or bacto agar
supplemented with minimal salts medium containing tetracycline and strep¬
tomycin were used in the agar plates.
Strain Construction
Donor strains RSIO and RS131, and recipient strains RS129 and
RS121 were inoculated individually into L-broth at a 1:3 volume ratio of
donor to recipient cultures, incubated at 37 C, and harvested when an
optical density of 0.20 was reached at a wavelength of 620 nanometers
(O.D.g2Qjjjjj=0.20). Recipients were harvested at 10,000 rpm for 10 min
at 35 C and resuspended in 1/3 the original volume of medium. Donor and
recipient cultures were mixed (RSIO X RS129; RS131 X RS121), incubated
9
Table 1. Bacterial Strains
Strain
No. •
Relevant Genotype Pili Use Source
RSIO R64-11. drd.FijTc.Sm/ F Donor in construction Curtiss, X1082
thr ,leu , str".thr of RS131
RS46 c600,thy .thr .lett ,Bj f“ Recipient used to check
for good donors of con-
Scott, Cr34
structed strain
RSilZl UV®, thr ,leu ,Bj .lac f" Recipient for conjuga¬
tion experiments
Hersfield, Ab2500
RS129 dnaB70. tdk. rpsL f“ Recipient in construc¬
tion of RS131
Wilkins, BW67
RS131 R64-11. drd. Tc^. Sm’^, f"^ Donor for conjugation Davis and Butts
Fi/ dnaB experiments (This study)
RS137 R64-11, drd,Fi,TC^,Sm’^/_





at 37 C, allowed to mate for 2 hr, and then spread on selective media
plates containing tetracycline and streptomycin. Plasmid transconju-
gant colonies were isolated and purified. The genotype of these colo¬
nies are shown in Table 1, listed as RS131 and RS137, respectively.
Cross Streak
Purified plasmid transconjugants serving as donors, and recipient
cells were inoculated into L-broth and allowed to reach an O.D..^^ *620nm
0.25. Penassay and minimum agar selective media plates were used to
isolate colonies based on the presence of the selective markers for
tetracycline (Tc ) and strepton^cin (Sm ) resistance. Recipient cells
were pipetted across the diameter of the selective media plates and al¬
lowed to dry slightly. Donor cells were then streaked perpendicularly
across the plate such that they mixed with the recipients in the center
of the plate. Plates were inverted and incubated at 42 C for 24-48 hr,
and examined for the presence of bacterial growth, indicating conjugation,
transfer of genes coding for the selective markers, Tc and Sm .
Isolation of Good Donors
Purified cultures of plasmid transconjugants were mated on selec¬
tive media plates as described in the cross streak procedure. Individual
purified colonies were isolated from those plates which averaged 20 or
more colonies per streak. These colonies were designated as good donors,
and named RS131 and RS137, respectively.
Ultraviolet Radiation Treatment
Recipient cells were inoculated from fresh overnight cultures in¬
to minimal salts medium supplemented with Casamino acids, vitamin
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glucose, and incubated at 37 C while shaking vigorously in a water bath.
The cells were harvested at 10,000 rpm for 10 min at 35 C, resuspended
in 1/3 the original volume of minimum salts medium containing no supple¬
ments, poured into sterile plastic petri dishes while shaking. After
the completion of UV treatment (exposure for approximately 4-5 min),
Casamino acids, glucose and vitamin Bj were immediately added to the cul¬
ture to restore optimum growth conditions.
Radioactive Label Incorporation
Donor and recipient cells were tested to determine the capacity
of incorporation of radioactively labeled thymidine into the DNA. Fresh
overnight cultures were inoculated into 10 and 30 ml of minimum salts
medium plus supplements and incubated at 37 C for approximately 1 hr to
allow the initiation of the growth of the cultures. Adenosine and 1-5
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yCi/ml tritiated thymidine ({ H]-dThd were added to each culture. Incu¬
bation was continued at 37 C and 50 yl samples were taken, spotted onto
Whatman 3 mm 2.3 filter disc, immediately immersed in cold 10% trichloro¬
acetic acid (TCA) for 10 min, washed in a second change of 10% TCA, and
washed twice in 95% ethanol for 10 min each. The disc were air dried and
placed in scintillation vials with toluene plus BPO primary fluor (2,5-
di-phenyl-1,3-oxazole) and counted in a Beckman LS250 liquid scintilla¬
tion counter for 1-2 min per vial. At the same time samples were taken
to determine optical density readings from each growing culture up to an
0.D.,„„ "0.25 to determine the rate of growth. Ultraviolet irradiated
sensitive RS121 cells were tested for radioactive label incorporation
before and after UV treatment. When UV treatment was used, cells were
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allowed to reach exponential growth prior to addition of the radioactive
label.
Conjugation
Donor, RS131, (10 ml) and recipient, RS121, (30 ml) colonies were
inoculated from fresh overnight cultures into minimum salts medium with
glucose only, and minimum salts medium with glucose, Casamino acids and
vitamin Bj, respectively, and incubated at 37 C while shaking vigorously
in a shaker water bath. One hour after incubation, recipient cells were
prelabeled by the addition of 1-5 yci/ml [-thymidine ([^^cl-dThd and
200 yg/ml adenosine. Incubation was resumed and both cultures were al¬
lowed to incubate up to exponential growth. One hour prior to conjuga¬
tion, donor cultures were removed from the shaker water bath and placed
in a stationary 37 C water bath to allow for the production of pili.
Recipient cells were treated with UV light 20 min prior to conjugation
and just prior to mixing, adenosine and the pulse-label of 10-30 yci/ml
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( H]-dThd were added to the recipient cells. Equal volumes of donor
cells were added to the labeled recipient cells and the cell mixture
was allowed to incubate at 37 C. Pulsed labeled samples of 3-5 ml were
taken at various timed intervals and chased with cold (unlabeled)
thymidine after 10 min. Cold thymidine was added in a 1000-fold concen¬
tration to that of the labeled thymidine. Samples (6-10 ml) were taken
at various timed intervals up to 90 min and pipetted over crushed po¬
tassium cyanide (KCN, contained in frozen synthetic medium with 0.01 M
Tris, 0.1 M EDTA, and 1.0 M NaCl in 5% sucrose) and vortexed.
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Cleared Lysate on Sucrose (CLOS) Gradients
The procedures used for preparing the conjugating mixtures for
the CLOS gradient analysis were the same as described by Sheehy et al.
(1977) with the following exceptions; Following centrifugation at
10,000 rmp for 10 min at 5 C, samples were resuspended in 1/3 the volume
in cold buffer consisting of 0.02 M KCN, l.OM NaCl, O.IM EDTA, and O.OIM
Tris-HCl (hydroxymethyl) amino methane, made up in 5% sucrose at pH 8.0.
A 0.4 ml aliquot of the concentrated cell suspension was mixed with 0.1 ml
(30 mg/ml stock) lysozyme freshly prepared in O.IM EDTA, O.OIM Tris-HCl
and l.OM NaCl, pH 8.0, to give a final volume of 0.5 ml, and allowed to
sit for 4 min for spheroplast formation. A 0.2 ml aliquot of this mix¬
ture was layered on a 4.7 ml 10-30% neutral sucrose gradient maintained
at 5 C containing a 0.2 ml shelf of saturated cesium chloride (CsCl) in
60% sucrose, and a 0.2 ml top layer of detergent (4% Brij-58 or Triton
X-100) made up in 5% sucrose. For the inclusion of RNase (pancreatic
ribonuclease A, A grade) on the gradient, a stock solution was made con¬
sisting of 5 mg/ml of RNase buffered in 7% sucrose, l.OM NaCl, O.IM EDTA,
and O.OIM Tris-HCl at pH 8.0. A 0.1 ml aliquot was layered on the gra¬
dients (final concentration, 500 pig) before the addition of the detergent
layer. Figure 1 illustrates the CLOS gradient as described by Sheehy et
al. (1977). Both the gradient and the intermediate detergent layer con¬
tained O.OIM Tris, O.IM EDTA, and l.OM NaCl at pH 8.0. The cell-lysozyme
mixture (0.2 ml) was layered on the gradient, carefully placed in Spinco
SW50.1 swinging buckets, and left undisturbed for 5 min at 5C to allow
for spheroplast formation in the top layer. Immediately thereafter, the
Figure 1. Diagram of Cleared Lysate on Sucrose (CLOS) gradient where
(a) represents the cell-lysozyme layer; (b) the detergent
layer; (c) the enzyme layer; (d) the body of the gradient
made up of 10-30% sucrose in a l.OM NaCl buffer; and (e)







gradients were centrifuged at 32,000 rpm at 5 C for 75 min (fast, long-
timed spin) or 16,000 rpm for 7 min (slow, short-timed spin) in a Spinco
SW50.1 (5 ml capacity) swinging bucket rotor in Beckman LS50 or LS65
ultracentrifuges. Gradients were collected from the top with the aid
of an Auto Densi-flow II (Buchler Instruments) connected to a poly-
staltic pump. Ten drop fractions were collected either directly on
Whatman No. 17 filter paper (for analytical analysis) that had been cut
into strips 60 mm long and 1.2 mm wide divided into 4 mm segments for
fractions (Carrier and Setlow, 1971) or in plastic trays (for prepara¬
tive analysis). Strips were submerged at room temperature in 5% TCA,
10% TCA, 95% ethanol and acetone (10 min each), hot air dried, cut and
placed into vials. Approximately 3-5 ml of toluene-PPO was added to the
vials and the samples were counted in a Beckman LS250 scintillation
counter.
Cesium Chloride-Ethidium Bromide (CsCl-EtBr)
Density Gradient Ultracentrifugation
Covalently closed circular (CCC) R6K and R64-11 duplex DNA used
as sedimentation markers for CLOS gradients and CsCl-EtBr analysis of
conjugation samples were isolated by the dye buoyant density centrifu¬
gation of cleared lysates described by Clewell and Helinski (1969, 1970).
Preparations for mating samples included: Aliquots of pulse samples
were removed from the KCN buffer and resuspended in two washings of
O.OIM Tris-HCl, O.IM EDTA, and l.OM NaCl in 3% sucrose. Samples were
harvested and resuspended in 0.32 ml of 25% sucrose in O.lM Tris-HCl at
pH 8.0, and 0.6 ml of freshly prepared lysozyme at a stock concentration
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of 5 mg/ml in TES buffer (0.03M Tris-HCl, 0.005M Na2EDTA, 0.05M NaCl
at pH 8.0), and allowed to incubate at room temperature. This was
followed by the addition of 0.06 ml of a 5 mg/ml stock solution of pro-
nase predigested in TES for 30 min at 37 C. The incubation was repeated
and 0.52 ml of lytic mix (2.5 ml of 1% Triton in O.OIM Tris-HCl, pH 8.0;
1.5 ml Tris, pH 8.0; 1.0 ml of 10% DOC in O.IM Tris, pH 8.0; 6.25 ml of
0.25M EDTA, pH 8.0; 13.73 ml deionized water) was added and incubation
continued for 15 min at room temperature or until clear at 37 C. Samples
of conjugating cells analyzed and pooled from CLOS gradients or prepared
immediately following conjugation as cleared lysates were examined for
CCC DNA using CsCl-EtBr density ultracentrifugation. To increase the
volume, samples were diluted by the addition of a buffer containing
0.05M sodium phosphate and 0.005M EDTA at pH 7.4, and added to centri¬
fuge tubes containing cesium chloride with a final addition of the in¬
tercalating dye, ethidium bromide (Sheehy and Novick, 1975). The gra¬
dient was formed during the spin of 42,000 rpm for 36 hr at 20 C in
Beckman 50 Ti fixed angle rotor. Seven drop fractions were collected
from the bottom of the tube onto filter strips, washed, dried and counted
as previously indicated.
Alkaline Sucrose Gradient Ultracentrifugation
Aliquots of conjugating cells representing fractions containing
plasmid and/or chromosomal DNA regions as indicated by peak radioactivity,
were pooled from CLOS gradients and diluted by the addition of 0.4 ml of
0.8H NaOH and incubated at room temperature for 10 min. A 0.3 ml aliquot
of this mixture was layered on a 4.6 ml 5-20% alkaline sucrose gradient
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(in 0.75M NaCl, 0.0IM EDTA, 0.25M NaOH, pH 12.5) maintained at 20 & or
room temperature, containing a 0.2 ml shelf of saturated CsCl in 60%
sucrose. The gradients were immediately centrifuged in Beckman LS50 or
LS65 ultracentrifuges. Gradients were collected from the bottom on
filter strips in 5 drop fractions, and prepared for radioactive count¬
ing as previously described.
Chemicals
The following companies were used to purchase the chemicals used
in this studys
Sigma Chemical Company: Ethylenediaminetetraacetic acid
(EDTA)-ED255, Ethidium bromide-E8751, Leucine-L8000, Lysozyme-L6876,
Polyethylene ethers (Brij-58 - P5884, Streptomycin sulfate-S6501,
Trizema base-T9250, and DL-Threonine-T8375.
VWR Scientific Company: Potassium cyanide-JT3080-1, Penassay
broth-DF0243-01, and sucrose-JT4072-5.
Difco: Casamino acids, Technical-0231-0106.
Beckman: Cesium chloride, optical grade.




Donor strain RS131» a constructed strain containing R64-11 plas¬
mid DNA and the tdk mutation, and the recipient strain RS12!, incapable
of repair replication upon exposure to.ultraviolet (UV) radiation, were
used to determine the events involved in conjugal transfer replication
in coli K12. It was expected that due to the absence of deoxythymi-
dine kinase activity (donor) and the inability of the recipient to
carry out repair replication, only the replicating transferred strand
of R64-11 plasmid DNA could be detected when radioactively labeled
thymidine ([ H]-dChd) was added to the mating mixture. In order to
establish the credibility of this system, the effects of UV radiation
exposure upon growth, DNA, RNA and protein synthesis were determined
(Figs. 2-5). A definite cessation of growth (Fig. 2) was displayed by
the recipient when exposed to UV light as compared to the same cell
culture void of UV treatment. The inability of treated cells to in¬
corporate radioactively labeled isotopes into DNA, RNA, and protein
(Figs. 3-5) indicated a direct correlation between exposure to UV and
cessation of cellular metabolism. Non-UV-treated cell cultures re¬
mained at a steady state of growth. In order to show that the tdk
mutation was present and functional in the donor cell, incorporation
3
of [ H] dChd into DNA during vegetative synthesis was examined. Data
shown in Figure 3 indicate that no appreciable counts could be measured,
further indicating that the mutation was functional.
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Figure 2 . Growth curve for recipient cells in the presence ( • )
and absence (O ) of UV exposure. Cells were incubated in
fresh minimum medium from overnight cultures and allowed to
incubate in a 37 C shaker water bath for 1 hr. Optical
density readings were taken on 2 ml samples up to an
0*D.fi2Qnni~0.2» culture split in order to UV-treat













Figure 3. Incorporation of ]-Thd into the DNA of donor and reci¬
pient cells. Donor and two recipient cultures were inocu¬
lated into selective media. One of the recipient cultures
was treated by a 5 min exposure to UV radiation. Each cul¬
ture was then labeled. Donor (tdk, f*") ); recipient (-UV,




Figure 4. Incorporation of [ H]-uracil into RNA of recipient cells.
Exponentially growing cultures were labeled and split to
determine RNA synthesis in the presence ) and absence
(O ) of UV exposure.
 
Figure 5. Incorporation of [^^C]-glycine into proteins of recipient
cells. Exponentially growing cell cultures were labeled
and split for analysis in the presence (^ ) and absence
(O ) of UV exposure.
COUNTSPERMINU EX10(̂[*^C]-glycine) toW■C'
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Association of Plasmid to the Folded Chromosomal Complex
Since it has been demonstrated that plasmid DNA in some bac¬
terial strains associated with the folded chromosomal complex (FCC)
during exponential growth, i.e., vegetative replication, (Kline and
Miller, 1975; Archibold et al., 1978), we wanted to examine whether
or not association occurred between R64-11 plasmid DNA and the F£C dur¬
ing exponential and conjugal transfer replication. Figure 6 depicts
a typical CLOS gradient profile of plasmid and chromosomal DNA separa¬
tion in the donor cell during vegetative replication. The inability of
the donor cell to incorporate exogenous thymidine limited DNA specific
labeling of the replicating molecules; therefore, we used tritiated
adenosine as the radioactive label. Samples after fractionation, were
treated with sodium hydroxide and RNase in order to eliminate any iso-
topically labeled RNA. The profile from this experiment shows two areas
of peak radioactivity. The slower sedimenting component was designated
as plasmid DNA, and the faster sedimenting component as chromosomal DNA.
In order to check sedimentation of R64-11 plasmid DNA without sodium
hydroxide and RNase treatment, RSIO, a donor cell, was subjected to CLOS
gradient analysis. This cell did not contain the tdk mutation, thereby,
capable of incorporating exogenous thymidine. The results (Fig. 7) in¬
dicated no appreciable differences in the sedimentation profiles of
RS131 and RSIO. Figure 8 shows CsCl-EtBr dye buoyant density ultracen¬
trifugation profiles of pooled fractions from CLOS gradients of the pre¬
sumed CCC region (A) and the FCC (B). Two areas of peak radioactivity
represent separation between CCC and OC and L. In order to determine
Figure 6. Sedimentation profile of donor cell DNA isolated on a CLOS
gradient. The cultures were labeled for 3 hr with 3 yCi/ml
[^H ]-adenosine and treated with sodium hydroxide in order to
remove radioactively labeled RNA. Sedimentation is plotted





Figure 7. Sedimentation profile of donor strain RSIO containing the
R64-11 plasmid DNA and capable of incorporating exogenous
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the number of copies of R64-11 plasmid molecules per chromosome equiva¬
lent per cell, the following formula was used:
„ „ . s/c X m.w. of E. coli chromosome
m.w. of R64-11
where; S = the number of counts per min (cpm) in the satelite (plasmid
region of the gradient, and C = the number of cpm in the chromosome
region of the gradient. When the above mathematical manipulations were
carried out for plasmid-FCC separation on sucrose gradients, only one
R64-11 molecule per cell was found free in the gradient. Upon applica¬
tion of this formula to the separation achieved in (b) of Fig.8, two
R64-11 molecules could be determined. Therefore, there are 3 molecules
of R64-11 per chromosomal equivalent per cell, however, 2 of these mole¬
cules co-sediment with the FCC. These data indicated that the majority
of the R64-li molecules were associated with the FCC.
Recipient cells were investigated for sedimentation characteristics
before and after transfer of R64-11 plasmid DNA in the presence and ab¬
sence of RNase. The results as depicted in Fig. 9 show an area of peak
radioactivity in the plasmid region only after transfer has occurred.
The inclusion of RNase did not alter the sedimentation profiles of the
samples. In order to determine association of newly replicating pulse-
labeled R64-11 plasmid forms in the recipient during conjugal transfer,
bulk folded chromosomal DNA was isolated from the mating samples and
analyzed for plasmid co-sedimentation with the FCC. A typical sedimen¬
tation profile of bulk folded chromosomal DNA is indicated in Fig. 10.
Association, defined as plasmid co-sedimentation with the FCC, increases
Figure 8. Dye buoyant density profile of plasmid and chromosomal DNA
pooled fractions from CLOS gradients of RS 10 cells. Density
increases from left to right, where A = plasmid and B = chro¬
mosome
FRACTION NUMBER
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Figure 9 Sedimentation profile of pre- and pulse-labeled plasmid DNA.
Recipient cultures were pre-labeled with 1 -dXhd (• ),
allowed to incubate up to an 0.D.^^^^^=0*25, UV-treated, and
pulse-labeled with [ji ] -dThd (O ) following the addition
of donors. Centrifugations were performed in 5 ml gradients
at 16y000 rpm for 7 min at 5 C.
FRACTION NUMBER
PERCENTCOUNTSR COV RED
Figure 10. Sedimentation profiles of recipient cells before (O ) and
after (^ ) transfer on CLOS gradients in the presence (A)
and absence (B) of RNase. Mating cultures were pre-labeled
with ] -dThd, and pulse-labeled with 1 -dThd, sampled
at timed intervals starting at 5 min and stopping at 90 min






with time (Table 2). Chromosomal DNA (approximating 3800S when compared
to phage DNA with a sedimentation coefficient of 1025S) displayed plas¬
mid association ranging from 64-97%. Following centrifugation plus or
minus UV exposure, transferred replicating or replicated R64-11 plasmid
DNA was associated with the folded chromosomal structure; however, when
shorter pulse times (20-80 sec) were examined, association did not exceed
50% (data not shown).
Aliquots of UV-treated and non-UV-treated conjugating cells were
examined in the presence and absence of RNase. Table 3 shows the results
of this probe. When RNase was included, association increased up to 60
min in UV-treated cells, whereas the presence of RNase had no effect on
the non-UV-treated cells. A decrease in percent association was detected
90 min after initiation of the mating process.
Circularization of Transferred R64-11 Plasmid DNA
Since Falkow et al. (1971) demonstrated that covalently closed
circular DNA could be found in recipients approximately 30 min after
conjugation was initiated, we decided to examine each sample of the mat¬
ing mixture for the presence of CCC DNA. An effective method of deter¬
mining supercoiled DNA from other DNA forms is through the use of dye
buoyant density gradient analysis. Thus, conjugation was initiated,
samples taken at timed intervals for 90 min, cleared lysates prepared
and analyzed by CLOS gradient and/or CsCl-EtBr dye buoyant density ul¬
tracentrifugation. A representative CsCl-EtBr density profile is de¬
picted in Figure 11. Fractions representing the regions of presumed




of pulse-lable counts associated
structure after conjugation.
with the folded
Time RNase Percent' S-value of the
(min) treatment Association chromosome
5 + 64 3800 s
- 82 It
10 + 75 II
- 97 II
20 + 87 II
- 97 II
60 + 97 II
97 II
^Percent of pulse label radioactivity co-sedimenting with the pre-labeled
chromosomal component. Centrifugation was for 7 min at 16,000 rpm at
5 C.
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Table 3. Association of replicating transferred DNA in recipients with






5 + 58.91 95.99
- 72.68 95.90
10 + 79.97 96.30
- 74.05 92.99
20 + 76.55 ns2
- 71.28 97.18
30 + 86.94 NS
- 82.21 NS
60 + 92.50 NS
- 72.55 NS
90 + 80.46 NS
46.08 NS
^Plasmid DNA (pulse-labeled) co-sedimenting with chromosomal DNA (pre-
labeled^ analyzed on CLOS gradients, and centrifuged 32,000 rpm for
75 min at 5 C.
2
No sample taken.
Figure 11 * CsCl-EtBr dye buoyant density ultracentrifugation profile of
plasmid and chromosomal fractions pooled from CLOS gradients.




of CCC-DNA from open circular (OC) and/or linear (Lin) DNA. Recipient
cells (UV-treated and non-UV~treated) 10 min after conjugation, showed
no appreciable pulse label counts in the plasmid region. After 30 min,
8% and after 60 min, 14% of the pulse labeled counts represented CCC
DNA in non-UV-treated recipient cells. Covalently closed circular mole¬
cules were not recovered from samples treated with UV.
Alkaline Sucrose Gradient Analysis
Since the UV-treated mating mixture showed no covalently closed
circular plasmid DNA, we decided to determine via alkaline sucrose grad¬
ient analysis the types of molecules present during and after transfer.
Purified radioactively labeled R64-11 plasmid DNA representing CCC and
unit length molecules served as markers. Unit length is defined as the
single stranded length of one complete linear R64-11 plasmid molecule.
After 5 min of mating the majority of the molecules were longer or
heavier than unit length. However, between 30 and 60 min, the pulse-
labeled molecules were apparently converted to unit length. Figures 12
and 13 illustrates the sedimentation profiles resulting from this probe.
Figure 12. Sedimentation profiles of alkaline sucrose gradient analysis
of UV-exposed mating samples pooled from CLOS gradients.
Sedimentation increases from left to right, open arrows
represent unit length, closed arrows represent CCC, A repre¬
sents 5 min sample and b represents 10 min sample.
FRACTION NUMBER
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Figure 13. Sedimentation profile of alkaline sucrose gradient analysis
of UV-exposed mating samples pooled from CLOS gradients.






Jacob et al. (1963) have shown that DNA synthesis in the donor
is required for conjugal transfer. In spite of the fact that transfer
and replication are independent entities, DNA replication in the donor
occurs "concommitantly" and . drives conjugal DNA transfer (Jacob
et al., 1963; Curtiss, 1969; Brinton, 1971; Vapnek et al., 1971). Dur¬
ing conjugation, it has been reported that the replicating or replicated
plasmid DNA molecules are associated with the chromosome and/or membrane.
Plasmid DNA associated with the folded chromosome and/or membrane in ex¬
ponentially grown cells has been demonstrated by several investigators
with the aid of neutral sucrose gradient analysis (Kline and Miller,
1975; Sheehy et al., 1977; Archibold et al, 1978). Studying attachment
of replicating Rldrd DNA to the cell membrane, Falkow et al., (1971)
found labeled DNA associated with the membrane 10 min after conjugation,
and a release of these molecules with time up to 60 min.
Since many questions have developed concerning some of the ac¬
cepted principles relating to the mechanism of conjugal transfer repli¬
cation, a cell system was employed in this study which allowed specific
determination of conjugal transfer replication within the recipient cells.
Association was based on the percentage of conjugal transferred pulse-
labeled plasmid DNA co-sedimenting with pre-labeled folded chromosomal
complex in the recipient, when analyzed by CLOS gradients. The centri¬
fugation process used insures the integrity of the intact folded
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chromosomal structure (3800S) and any associated structures. It was
indicated in separate experiments (data not shown) that the newly
replicated forms of the R64--11 plasmid DNA were associated with the
chromosomal complex as early as 5 sec after initiation of mating. The
percent co-sedimentation of pulse labeled samples obtained from the
mating mixture, ranging in time from 20 to 80 sec, did not exceed 50%.
When samples were taken at 5 min up to 90 min, pulse label incorporation
in the recipient genome ranged from 60-97% co-sedimentation. Curtiss
and Fenwick (1975) used minicells as their recipients and suggested
that transferred plasmid DNA associated with the cell membrane, and CCC
formation occurred upon completion of transfer and replication. Their
data suggested that the transferred replicating DNA strand is associa¬
ted with a cellular structure, and that association occurs early in the
conjugal process, but to what structure/s that association occurs is
unclear. Although plasmid DNA has been reported to associate with the
chromosome and membrane during vegetative replication (Archibold et al.,
1978), the site of attachment has not been specifically defined. If
plasmid-membrane attachment sites are present, then destruction of the
membrane and the attachment sites must be minimized in order to effective¬
ly study replication. The effects of various detergents on vegetatively
and conjugally replicating cells was studied.
Achbman;, et al. (1971) demonstrated that matings occurred in
aggregates more often than in pairs and determined that the lytic agent
used must be able to sufficiently disrupt mating pairs and/or aggregates
without loss of the in vivo state of the transferring DNA. Cornett
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and Shockman (1978) showed that surfactants such as sodium dodecyl
sulfate and Triton X-100 produced better results if one were merely
concerned with lysis. Brij-58, a non-ionic surfactant (Helenius and
Simons, 1975) was used in the current investigation because it had less
effect on the inner membrane as demonstrated by Falkow et al. (1971).
The bacterial cellular envelope, composed of basically an inner and
an outer membrane (DePetris, 1967), often times is not susceptible to
lysis induced by detergents without lysozyme-EDTA treatment (Birdsell
and Cota-Robles, 1968). According to Asbell et al. (1966 a,b) EDTA
extracts funtional divalent cations from the cell envelope. Initial
experiments using presumed mating aggregates includes modification of
the lysing procedure (increased lysozyme, 30 mg/ml and EDTA, O.IM con¬
centrations), which resulted in a significant increase in the percen¬
tage of cells being lysed.
Cesium chloride-ethidium bromide dye buoyant density ultracen¬
trifugation analysis on lysates of pooled, newly replicated plasmid
DNA, showed covalently closed circular DNA only in the non-UV-treated
cells following 30 min of conjugation. UV-treated cells did not yield
the same information. With this difference, the effect of UV-light
exposure on specific metabolic activities of the cell, namely, DNA,
RNA, and protein synthesis was studied. The cessation of synthesis of
DNA, RNA, and protein indicated an association between the ability of
the cell to repair thymine dimers and synthesis. The failure of new¬
ly replicated molecules to circularize was attributed to the cessation
of protein synthesis and possibly RNA synthesis as suggested by Womble
41
and Round (1979). In addition, Gilbert and Dressier (1968) and Curtiss
and Fenwick (1975) proposed that an initiator protein, DNA, and RNA are
all necessary for initiation and continuance of conjugal transfer and
replication.
Replicating plasmid molecules were associated with the FCC during
conjugation at various timed intervals, therefore, the molecular size
or lengths of these newly replicated molecules was studied. Gilbert
and Dressier (1968), in their rolling circle model for DNA replication,
predicted that the recipient received a length of DNA in excess of unit
length of a single strand of plasmid DNA during conjugation. Falkow
et al. (1971) studying the mode, site, and specificity of R-factor
(Rldrd19) DNA replication found three distinct molecular forms: linear,
nicked circular, and covalently closed circular. They speculated that
a transition from linear double stranded molecules to nicked circles,
which are subsequently sealed with covalent bonds, occurred.
In the present study, using alkaline sucrose gradient analysis
of pulse samples taken from conjugating cells, molecules longer than
unit length were found as early as 5 min following initiation of mating.
It appeared, with time, that the longer than unit length molecules were
converted to unit length.
Though the biochemical mechanism of conjugation is not clear,
and the rolling circle model is still unproven for DNA transfer
(Achtman and Skurray, 1977), further studies are needed to delineate
the molecular basis for conjugal transfer replication. Additionally,
the complexing of the newly replicated conjugally transferred molecules
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with the FCC requires further study.
CHAPTER VI
SUMMARY AND CONCLUSIONS
Examination of the conjugally transferred R64-n plasmid in the
recipient cell was studied using a donor cell unable to incorporate
exogenously supplied thymidine (tdk), and a recipient unable to repair
s
replicate following exposure to ultraviolet radiation (UV ). The pur¬
pose of this investigation was:
1. To determine whether, following transfer, plasmid DNA re¬
quired an attachment site for replication;
2. to observe the fate of the transferred strand with regards
to the length of time required to reach unit length and
eventual circularization.
The following results were found in the recipient, using the R64-11
plasmid DNA in all experiments.
1. Newly replicated transferred plasmid DNA associates with the
folded chromosomal complex.
2. Covalently closed circular duplex plasmid DNA was present
30 min following initiation of the conjugative process in
recipient cells not exposed to UV treatment whereas, cova¬
lently closed circular molecules were not detectable in UV-
treated cells. The inhibition of RNA and protein synthesis
may explain this occurrence since both have been implied in
plasmid maintenance.
3. Molecules in excess of unit length exist in the recipient
43
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following the initiation of conjugation up to 30 min, there¬
after, they are converted to unit length.
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